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Fluxes of copper-complexing ligands from estuarine sediments 
Abstract-Most studies of the organic complexation of Cu 
in natural waters have focused on distributions and processes 
in the water column, where a significant fraction of Cu-com- 
plexing ligands may be biologically produced. We present di- 
rect evidence for a flux of Cu-complexing ligands from estu- 
arine sediments, demonstrating that sediments are a significant, 
yet previously unrecognized source of the ligands. Fluxes of 
Cu-complexing ligands from Chesapeake Bay sediments range 
from 300 to 1,200 nmol rnp2 d-l, exceeding fluxes of total 
dissolved Cu by 3->40-fold, suggesting that any Cu fluxing 
from the sediments i  likely to be organically complexed. Our 
results indicate that benthic fluxes may supply from 10 to 50% 
of the standing stock of Cu-complexing ligands in Chesapeake 
Bay and suggest hat such fluxes may strongly influence the 
biogeochemistry of Cu in shallow water environments and po- 
tentially in the ocean as a whole. 
An increasing number of studies in oceanic and estuarine 
waters have focused on the influence of speciation (i.e. the 
distribution of a metal among its various forms) on the bio- 
geochemical cycling of trace metals. Dissolved trace metals 
in natural waters may exist as hydrated ions and in com- 
plexes with inorganic and organic ligands (Stumm and Mor- 
gan 1996). Because the various species interact differently 
with the geochemical and biological components of seawa- 
ter, knowledge of the speciation of a trace metal is essential 
to understanding its biogeochemical fate and transport, as 
well as its toxicity and bioavailability. For example, the 
availability and toxicity of trace metals such as Cu to or- 
ganisms have been shown to be proportional to the activities 
of the free ionic forms of these metals and not simply to 
their total concentrations (Sunda and Guillard 1976; Brand 
et al. 1986). 
In surface oceanic and estuarine waters, dissolved Cu ap- 
pears to be complexed by at least two classes of organic 
ligands: a very strong class (commonly termed L,) that gen- 
erally exists at concentrations ranging from 1 to 40 nM, with 
conditional stability constants (with respect to free Cu2+ ion, 
K’) of 1012-1014, and weaker classes (i.e. L,, L,) that exist 
at higher concentrations (6-150 nM) but with lower values 
of K’ (108-lOlo) (e.g. van den Berg 1984; van den Berg et 
al. 1987; Coale and Bruland 1988; Moffett et al. 1990; Sun- 
da and Huntsman 1991; Donat et al. 1994; see Donat and 
Bruland 1995 for detailed review). On the basis of laboratory 
culture experiments and field observations, certain phyto- 
plankton species have been postulated as sources of the 
strongest ligand class, L, (Moffett et al. 1990; Moffett and 
Brand 1994). The specific sources of the weaker ligands are 
not known. In general, all classes of these ligands represent 
various fractions of dissolved or colloidal organic matter, 
including phytoplankton exudates, as well as their degrada- 
tion products (Anderson et al. 1984; Seritti et al. 1986; Rob- 
inson and Brown 1991; Kerner and Geisler 1995). In addi- 
tion, various sulfide and polysulfide species, particularly in 
suboxic or anoxic water and sedimentary environments, may 
complex varying fractions of Cu and other metals (Boulegue 
et al. 1982; Luther and Tsamakis 1989). 
The waters of estuarine and coastal sediments are com- 
monly enriched in dissolved organic matter (DOM) relative 
to bottom waters (Burdige et al. 1992; Burdige and Hom- 
stead 1994; Alperin et al. 1994), and fluxes of dissolved 
organic carbon (DOC) from such sediments have been ob- 
served (Burdige et al. 1992; Burdige and Homstead 1994). 
Because ligands that complex Cu and other metals form a 
small but important fraction of the total DOM pool, sediment 
pore waters could be a source of Cu-complexing ligands to 
the overlying waters. The association of Cu with organic 
matter in pore waters has been demonstrated previously 
(Elderfield 1981; Boussemart et al. 1989), although the role 
of this association in influencing speciation and the sedi- 
ment-water exchange of Cu has not been adequately ad- 
dressed. By applying sensitive, low-volume analytical meth- 
ods [anodic stripping voltammetry at a hanging mercury 
drop electrode (ASV-HMDE) for determining Cu-complex- 
ing ligands (Donat et al. 1994) and a chemiluminescence 
method (Sunda and Huntsman 1991) for determining total 
dissolved Cu], we have determined that sediments can be a 
significant source of Cu-complexing ligands and total dis- 
solved Cu (TDCu) to the overlying water column. We are 
currently evaluating the significance of these sources and 
their implications for the biogeochemical cycling of dis- 
solved Cu in sedimentary pore waters from two contrasting 
sites in Chesapeake Bay, a large, productive estuary on the 
eastern coast of the United States (Fig. 1). 
Previous studies show that biogeochemical processes at 
the mid-Bay Sta. M are dominated by high rates of anaerobic 
bacterial activity and that benthic fluxes are largely con- 
trolled by diffusive transport (Burdige and Homstead 1994; 
Marvin 1995). Sediments at the lower Bay Sta. S are highly 
bioturbated, have lower overall rates of sediment carbon ox- 
idation (as measured by X0, production), and are domi- 
nated by mixed aerobic and anaerobic decomposition pro- 
cesses. The magnitude and effects of these processes vary 
seasonally (Burdige and Homstead 1994; Marvin 1995; also, 
see the DOC and X0, fluxes in Table 1). 
Sediment cores used for the porewater analyses were col- 
lected with a stainless steel box corer and subcored using 
acrylic core tubes (11.4-cm diam). The cores were cut into 
intervals of l-3 cm using apparatus similar to that described 
by Shaw (1989). Pore waters were separated by centrifuga- 
tion, then syringe-filtered (0.45 pm) into Teflon bottles. All 
implements used to collect, process, and store the samples 
were extensively acid-washed to prevent contamination. To 
prevent oxidation artifacts, all processing steps took place in 
N,-filled glove bags, and samples were stored refrigerated in 
the dark in N,-charged jars. 
Concentrations of TDCu in pore waters at both sites dur- 
ing all seasons ranged from ~0.1 to 25 nM and were usually 
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1 3g. 1. Map of Chesapeake Bay, showing the locations of sam- 
pling stations M and S. 
110 nM (representative data are shown in Fig. 2). This 
range of concentrations is relatively low in comparison to 
porewater and water-column TDCu concentrations from oth- 
er anthropogenically affected estuaries (e.g. Narragansett 
Bay, south San Francisco Bay) (Donat et al. 1994; Elderfield 
et al. 198 1; Flegal et al. 1991) but is comparable to those 
observed in other coastal sediment pore waters (Shaw et al. 
1990; Rivera-Duarte and Flegal 1995). In Chesapeake Bay, 
the uppermost porewater concentrations (2-10 nM) were 
typically within a factor of two of the bottom-water concen- 
trations (4-10 nM; Donat 1994). Based solely on the gra- 
dient at the sediment-water interface, Bay sediments could 
be either sources or sinks of TDCu to the overlying waters. 
Copper titrations using ASV-HMDE indicated that virtu- 
ally all (96.9 to >99.9%) of the TDCu in pore waters and 
bottom waters at both sites exists in a nonlabile form, prob- 
ably as organic or mixed inorganic-organic (e.g. sulfide-con- 
taining) complexes. At least two classes of Cu-complexing 
ligands, which we denote as weak and strong, were differ- 
entiated on the basis of the relative strengths of their Cu 
complexes. We estimate the conditional stability constant 
(with respect to ionic Cu’+ ), K’, of the weak ligand class to 
be - 107-lOlo, which is consistent with the K’ of the weaker 
ligands (108-1010) found in oceanic and estuarine waters. To 
date, we have obtained only a lower limit for K’ for the 
strong ligand class (i.e. >107-1010), which is consistent with 
the K’ of the strong ligand class (L,) found in seawater ( 10i2- 
1014) (e.g. van den Berg 1984; Coale and Bruland 1988; 
Moffett et al. 1990; Sunda and Huntsman 1991; Donat et al. 
1994). Concentrations of the strong ligand in the pore waters 
ranged between 200 and 13,000 nM, whereas concentrations 
of the weak ligand class ranged between 100 and 6,500 nM 
(Fig. 2). Total concentrations of Cu-complexing ligands in 
the upper porewater intervals were 15 to > 100 times higher 
than the bottom-water ligand concentrations (30-60 nM; 
Donat 1994), suggesting that the sediments are potentially a 
significant source of ligands to the overlying waters. 
The greater concentrations of the strong ligand class in 
pore waters relative to the weaker class contrast with pre- 
vious observations in estuarine and oceanic waters, in which 
the strong ligand class (L,) comprises only a small fraction 
of the total ligand concentration (van den Berg 1984; Moffett 
and Zika 1987; Sunda and Hanson 1987; Coale and Bruland 
1988; Sunda and Huntsman 1991; Donat et al. 1994). The 
differences in concentrations of the two ligand classes might 
suggest that the weak ligand class in sediment pore waters 
may be kinetically more labile than the strong ligand class. 
This observation also contrasts with that suggested for Cu- 
complexing ligands in the water column, in that the lower 




(incuba- TDCu flux Cu-ligand 
tion) (nmol mP2 flux DOC flux x0, flux 
temp. dP’) (nmol m-’ d-l) (mmol rnp’ dP1)(mmol m-* d-l) 
Station Date cc> (n = 3) (n = 1) (n = 3) (n = 3) 
M March 1995 6 53217 320280 0.67kO.16 8.8k5.8 
June 1995 22 302 10 1,200+ 170 1.83k0.68 16.6k4.8 
S March 1995 6 1124 4402 160 0.20+0.08 1.3k2.0 
June 1995 22 85225 420+95 0.63 kO.22 21.Ok5.2 
These fluxes were determined by core incubation techniques described previously for determining benthic dis- 
solved organic carbon (DOC) and CCO, fluxes (Burdige and Homstead 1994). As discussed in this reference, 
much of the uncertainty in these flux estimates stems from spatial variability (leading to different fluxes from 
cores at the same box-coring site), rather than to analytical uncertainty in the individual measurements. The 
DOC and X0, fluxes reported here are similar to previously published values for these sediments at the 
same temperatures (Burdige and Homstead 1994). 
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Fig. 2. Porewater distribution of weak Cu-complexing ligands 
(O), strong Cu-complexing ligands (V), and TDCu (m) at Sta. M 
(a) and Sta. S (b) in Chesapeake Bay, April 1994. Bottom-water 
ligand and TDCu concentrations are denoted by BW. 
concentrations of the stronger ligands and their appearance 
only in surface waters suggests greater kinetic lability (e.g. 
Donat et al. 1986; Coale and Bruland 1988, 1990; Moffett 
et al. 1990). However, the exact sources and lability of these 
ligands, in either the water column or in sediment pore wa- 
ters, are not presently well defined. 
Direct measurements of fluxes of TDCu and total Cu-com- 
plexing ligands were obtained using incubated cores col- 
lected in March and June 1995, using the approach described 
in Burdige and Homstead (1994) but modified for trace met- 
al analysis (using 14-cm diam, acid-washed acrylic cores, 
rather than glass cores). Sample aliquots were withdrawn 
from water overlying the sediment cores and analyzed for 
total ligand concentration (which includes the sum of the 
weak and strong fractions as described above), TDCu, DOC, 
and ZCO,. The withdrawn water volumes were replaced by 
equal volumes of bottom water collected at the same time 
as the sediment cores. Fluxes were determined by linear 
least-squares fitting of the data points, taking into account 
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Fig. 3. Concentration of total Cu-complexing ligands (U) vs. 
time in core incubations of sediments from Sta. M (a) and Sta. S 
(b), Chesapeake Bay, March 1995. Regression lines are shown for 
the water overlying the core ( -) and for the recharge water 
(denoted by 0 and - - -). 
tions in the recharge bottom water used to replace that re- 
moved from the water overlying the core. The corrected time 
rates of change in Cu-complexing ligands were converted 
into benthic fluxes, accounting for both the volume of water 
overlying the cores and the surface area of the core tubes. 
Further details of the flux calculations are described in Bur- 
dige and Homstead (1994). The excellent agreement between 
the DOC and CCO, flux results of this study and those of 
Burdige and Homstead (1994) support the validity of this 
approach for measuring benthic fluxes. 
The March results indicate a small flux of TDCu from sed- 
iments at Sta. M into the overlying waters and a negligible 
benthic TDCu flux from sediments at Sta. S (Table 1). Results 
from June 1995 show a relatively low benthic flux of TDCu 
from sediments at Sta. M and a relatively high flux from Sta. 
S sediments (Table 1). The decrease in TDCu fluxes from Sta. 
M from March to June 1995 indicates increasing Cu uptake 
into insoluble sulfide phases (Huerta-Diaz and Morse 1992) 
due to increasing sulfide production as the rate of sulfate re- 
duction increased during this period (Burdige and Homstead 
1994; Marvin 1995). The TDCu fluxes are within the range 
of fluxes summarized by Rivera-Duarte (1995) for a number 
of estuarine and coastal systems (-6,500 to 11,300 run01 rn-’ 
d-l, with 73% of the measurements in the range of +300 
nmol me2 d-l). The variability in the fluxes we report is quite 
small relative to that reported by Kuwabara et al. (1996) over 
a 2-week period in San Francisco Bay (-4,200 to 1,100 to 
run01 m-2 d-l), which may be attributable to differences in 
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Fig. 4. Core incubation results for Sta. M (a) and Sta. S (b), 
June 1995. Symbols and lines are the same as in Fig. 3. 
the two systems. We will present a detailed discussion of the 
biogeochemistry of Cu and Cu-complexing ligands in Ches- 
apeake Bay sediments, including comparisons to other sys- 
tems, in a separate publication. 
In both seasons, we detected a flux of Cu-complexing li- 
gands (expressed as a total of all ligand classes) from sedi- 
ments to the overlying waters, which exceeded the flux of 
TDCu by 3- to >40-fold (Table 1). These data suggest that 
any Cu fluxing from the sediments is likely to be organically 
complexed. The total ligand fluxes are a small fraction 
(0.05-0.2%) of the DOC flux. Total dissolved sulfide, which 
can form soluble complexes with Cu and might be expected 
to flux out of anoxic sediments (as at Sta. M), was measured 
at the conclusion of the June 1995 experiment. The sulfide 
concentrations (Sta. M, 52 nM, Sta. S, 11 nM) constitute no 
more than -lo-30% of the total ligand concentrations (Sta. 
M, 170 nM, Sta. S, 110 nM). Thus, although sulfide also 
forms complexes with Cu, particularly in waters overlying 
anoxic sediments (such as Sta. M), we find that organic li- 
gands must account for the bulk of the total ligand flux. 
We are currently trying to quantify more completely the 
concentrations and strengths of the various ligand classes 
fluxing out of Bay sediments. Preliminary results using com- 
petitive ligand (8hydroxyquinoline) equilibration, coupled 
with adsorptive cathodic stripping voltammetry (Donat 
1994; Donat et al. 1994) on water samples from core incu- 
bation experiments in June and October 1995, suggest that 
a significant fraction (perhaps up to 50%) of the total ligand 
pool fluxing out of the sediments is very strong, with K’ 
values of - 10ls. Previous field and laboratory observations 
suggest that strong Cu-complexing ligands (with K’ >lO”) 
may be produced by cyanobacteria such as the ubiquitous 
coastal and oceanic species, Synechococcus (Moffett et al. 
1990; Moffett and Brand 1994). On the basis of our prelim- 
inary experiments, the K’ of the strong ligand class fluxing 
from Chesapeake Bay sediments is consistent with that of 
the strong ligand class found in the overlying waters, al- 
though the relative importance of the sediment source and 
the phytoplankton source remains to be determined and may 
vary among different ocean regimes. Thus, sediments are a 
significant, but previously unrecognized, source of Cu-com- 
plexing ligands to the overlying waters. 
In most oceanic surface waters, levels of the strong ligand 
class (L,) are sufficient to completely complex all TDCu and 
control its speciation (Moffett and Zika 1987; Coale and 
Bruland 1988; Sunda and Huntsman 199 1; Donat and van 
den Berg 1992; Sunda and Hanson 1987). However, con- 
centrations of L, can be less than TDCu concentrations in 
estuarine and coastal waters, such as Chesapeake Bay (Donat 
1994) and South San Francisco Bay (Donat et al. 1994). In 
such cases, Cu complexation becomes more important with 
weaker ligand classes (i.e. L,, L,) than with L,. Thus, the 
relative proportions of the different ligand classes control the 
overall speciation of Cu in such environments. 
Addition of Cu-complexing ligands in relatively shallow 
estuarine and coastal waters by sediment-water exchange 
may strongly influence the biogeochemistry and cycling of 
dissolved Cu in the overlying water columns. Given an av- 
erage concentration of Cu-complexing ligands of 75 nM 
(Donat 1994) and water residence time of 9-12 months in 
Chesapeake Bay (A. Valle-Levinson pers. comm.), we cal- 
culate that benthic fluxes could supply lo-50% of the stand- 
ing stock of ligands in the water column. Depending on the 
time scales over which these ligands are degraded in the 
water column, relative to physical processes that transport 
them out of the estuary to the coastal ocean and perhaps the 
open ocean, this benthic flux of Cu-complexing ligands may 
play an important role in the oceanic cycles of Cu and Cu- 
complexing ligands. We are currently studying the lifetimes 
of these ligands in Bay waters. 
Stephen A. Skrabal’ 
John R. Donat 
Department of Chemistry and Biochemistry 
Old Dominion University 
Norfolk, Virginia 23529 
David J. Burdige 
Department of Oceanography 
Old Dominion University 
Norfolk, Virginia 23529 
I Present address: Department of Chemistry, University of North 
Carolina at Wilmington, Wilmington, North Carolina 28403. 
Acknowledgments 
This work was funded by the Office of Naval Research, Marine 
Environmental Quality Program (grant number N00014-93-l-0899 
to J.R.D. and D.J.B.), with partial support from the National Science 
Foundation (grant numbers OCE 92-16882 to J.R.D. and OCE 93- 
02 120 to D. J.B .). We thank K. Gardner, S. Zheng, C. Henry, and 
L. Lindblad, and the captain and crew of the RV Cape Henlopen 
for their contributions to this study. The constructive comments of 
two anonymous reviewers improved the manuscript. 
996 Notes 
References 
ALPERIN, M. J., D. B. ALBERT, AND C. S. MARTENS. 1994. Sea- 
sonal variations in production and consumption rates of dis- 
solved organic carbon in an organic-rich coastal sediment. 
Geochim. Cosmochim. Acta 58: 4909-4930. 
ANDERSON, D. M., J. S. LIVELY, AND R. E VACCARO. 1984. Copper 
complexation during spring phytoplankton blooms in coastal 
waters. J. Mar. Res. 42: 677-695. 
BOULEGUE, J., C. J. LORD, III, AND T. M. CHURCH. 1982. Sulfur 
speciation and associated metals (Fe, Cu) in the pore waters of 
Great Marsh, Delaware. Geochim. Cosmochim. Acta 46: 453- 
464. 
BOUSSEMART, M., C. BENAMOU, M. RICHOU, AND J. Y. BENAIM. 
1989. Comparison of differential pulse anodic stripping volt- 
ammetry and spectrofluorometry for determination of com- 
plexes between copper and organic matter in interstitial waters 
extracted from marine sediments. Mar. Chem. 28: 27-39. 
BRAND, L. E., W. G. SUNDA, AND R. R. L. GUILLARD. 1986. Re- 
duction of marine phytoplankton reproduction rates by copper 
and cadmium. J. Exp. Mar. Biol. Ecol. 96: 225-250. 
BURDIGE, D. J., M. J. ALPERIN, J. HOMSTEAD, AND C. S. MARTENS. 
1992. The role of benthic fluxes of dissolved organic carbon 
in oceanic and sedimentary carbon cycling. Geophys. Res. 
Lett. 19: 1851-1854. 
AND J. HOMSTEAD. 1994. Fluxes of dissolved organic car- 
bon from Chesapeake Bay sediments. Geochim. Cosmochim. 
Acta 58: 3407-3424. 
COALE, K. H., AND K. W. BRULAND. 1988. Copper complexation 
in the northeast Pacific. Limnol. Oceanogr. 33: 1084-l 101. 
-, AND -. 1990. Spatial and temporal variability in 
copper complexation in the North Pacific. Deep-Sea Res. 47: 
3 17-336. 
DONAT, J. R. 1994. The speciation of dissolved copper and cad- 
mium in the Chesapeake Bay. Eos 75: 330. 
-, AND K. W. BRULAND. 1995. Trace elements in the oceans, 
p. 247-281. In E. Steinnes and B. Salbu [eds.], Trace elements 
in natural waters. CRC Press. 
~ K. A. LAO, AND K. W. BRULAND. 1994. Speciation of 
dissolved copper and nickel in South San Francisco Bay: A 
multi-method approach. Anal. Chim. Acta 284: 547-57 1. 
-, I? J. STATHAM, AND K. W. BRULAND. 1986. An evaluation 
of a C-18 solid phase extraction technique for isolating metal- 
organic complexes from central North Pacific Ocean waters. 
Mar. Chem. 18: 85-99. 
-, AND C. M. G. VAN DEN BERG. 1992. A new cathodic 
stripping voltammetric technique for determining organic com- 
plexation of copper in seawater. Mar. Chem. 38: 69-90. 
ELDERFIELD, H. 198 1. Metal-organic associations in interstitial wa- 
ters of Narragansett Bay sediments. Am. J. Sci. 281: 1184- 
1196. 
-, R. J. MCCAFFREY, N. LUEDTKE, M. BENDER, AND V. W. 
TRUESDALE. 1981. Chemical diagenesis in Narragansett Bay 
sediments. Am. J. Sci. 281: 1021-1055. 
FLEGAL, A. R., G. J. SMITH, G. A. GILL, S. SANUDO-WILHELMY, 
AND L. C. D. ANDERSON. 1991. Dissolved trace element cycles 
in the San Francisco Bay estuary. Mar. Chem. 36: 329-363. 
HUERTA-DIAZ, M. A., AND J. W. MORSE. 1992. Pyritization of trace 
metals in anoxic marine sediments. Geochim. Cosmochim. 
Acta 56: 2681-2702. 
KERNER, M., AND C.-D. GEISLER. 1995. Dynamics of Cu release 
during early aerobic degradation in aggregated seston from the 
Elbe estuary. Mar. Chem. 51: 133-144. 
KUWABARA, J. S., C. C. Y. CHANG, A. KHECHFE, AND Y. HUNTER. 
1996. Importance of dissolved sulfides and organic substances 
in controlling chemical speciation of heavy metals in San Fran- 
cisco Bay, p. 157-172. In J. T Hollibaugh [ed.], San Francisco 
Bay: the ecosystem. Pacific Div. Am. Assoc. Adv. Sci. 
LUTHER, G. W., III, AND E. TSAMAKIS. 1989. Concentration and 
form of dissolved sulfide in the oxic water column of the 
ocean. Mar. Chem. 27: 165-177. 
MARVIN, M. C. 1995. Controls on the spatial and temporal trends 
of benthic sulfate reduction and methanogenesis along the 
Chesapeake Bay central channel. Ph.D. thesis, Univ. Maryland. 
MOFFETT, J. W., AND L. E. BRAND. 1994. The relationship between 
copper, copper chelators and phytoplankton assemblages in oli- 
gotrophic and coastal environments. Eos 75: 77. 
AND R. G. ZIKA. 1987. Solvent extraction of copper ace- 
tylacetonate in studies of copper(I1) speciation in seawater. 
Mar. Chem. 21: 301-313. 
~___ AND L. E. BRAND. 1990. Distribution and poten- 
tial sources’and sinks of copper chelators in the Sargasso Sea. 
Deep-Sea Res. 37: 27-36. 
RIVERA-DUARTE, I. 1995. Porewater geochemistry of trace ele- 
ments in San Francisco Bay sediments. Ph.D. dissertation, 
Univ. California at Santa Cruz. 
-, AND A. R. FLEGAL. 1995. Remobilization of Co, Ni, Cu, 
Zn, and Cd from sediments into porewaters. Eos 76: 319. 
ROBINSON, M. G., AND L. N. BROWN. 1991. Copper complexation 
during a bloom of Gymnodinium sanguineurn Hirasaka (Di- 
nophyceae) measured by ASV. Mar. Chem. 33: 105-l 18. 
SERITTI, A., D. PELLEGRINI, E. MORELLI, C. BARGHIGIANI, AND R. 
FERRARA. 1986. Copper complexing capacity of phytoplank- 
tonic cell exudates. Mar. Chem. 18: 351-357. 
SHAW, T. J. 1990. An apparatus for fine-scale sampling of pore 
waters and solids in high porosity sediments. J. Sediment. Pet- 
rol. 59: 633-634. 
~ J. M. GIESKES, AND R. A. JAHNKE. 1990. Early diagenesis 
in ‘differing depositional environments: The response of tran- 
sition metals in pore water. Geochim. Cosmochim. Acta 54: 
1233-1246. 
STUMM, W., AND J. J. MORGAN. 1996. Aquatic chemistry, 3rd ed. 
Wiley-Interscience. 
SUNDA, W. G., AND R. R. L. GUILLARD. 1976. The relationship 
between cupric ion activity and the toxicity of copper to phy- 
toplankton. J. Mar. Res. 34: 51 l-529. 
AND A. K. HANSON. 1987. Measurement of free cupric 
ion concentration in seawater by a ligand competition tech- 
nique involving copper sorption onto C,, Sep Pak cartridges. 
Limnol. Oceanogr. 32: 537-55 1. 
-, AND S. A. HUNTSMAN. 1991. The use of chemilumines- 
cence and ligand competition with EDTA to measure copper 
concentration and speciation in seawater. Mar. Chem. 36: 137- 
163. 
VAN DEN BERG, C. M. G. 1984. Determination of the complexing 
capacity and conditional stability constants of complexes of 
copper (II) with natural organic ligands in seawater by cathodic 
stripping voltammetry of copper-catechol complex ions. Mar. 
Chem. 15: 1-18. 
~ A. G. A. MERKS, AND E. K. DUURSMA. 1987. Organic 
complexation and its control of the dissolved concentrations of 
copper and zinc in the Scheldt estuary. Estuarine Coastal Shelf 
Sci. 24: 785-797. 
Submitted: 18 October 1996 
Accepted: 8 January 1997 
Amended: 3 February 1997 
